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1 .0 Summary of Research

One of t he primary objectives of this research was to study the inf luence of residual
stresses on the toughness and other physica l properties of glassy amorphous polymers . Residual
stresses have been produced by thermal quenching and by mechanical deformation at room

temperature . Residua l stresses and their influence on physica l properties have never been

seriously considered by investigators in the U.S. In the past, physical property changes
in g lassy amorphous polymers produced by t hermal treatments have been exp lained by
considering the possibilities of alterations to molecular conformations causing changes in
thermal transitions, or by molecular ordering or crystallization, or by simp ly considering
t hat quenched polymers have greater free volumes than well annealed polymers . One of

the most fundamental accomp lishments of this study has been to demonstrate that residual

stresses can better account for physical property changes than can the above described
mec hanisms. Certainly, polymer investigators in t he future must characterize the state

of residual stress , prior to attempting to understand or explain observed phenomena .
This is true not only for specimens subjected to thermal or mechanica l deformations but
also for molded or extruded specimens .

Specifica lly, the effe ct of thermal quenching on the properties of polycarbonate,
acry lic and rubber modified polymers have been studied. It has been shown that when a

pre-not ched polycarbonate specimen is quenched in ice water from near its glass transition
temperature, the measured Izod impact strength is improved . It was also demonstrated that
other polymers suc h as PVC behave in an identica l manner. It has been postulated that the

compressive stresses created around the root of the notch suppress craze initiation and allow
the polymer to y ield prior to catastrophic crack initiation from the craze . This hypothesis
is consistent w ith th, results obtained from the cold working study. For polymers cold w ed
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so as to primari ly produce residual stresses without substantial orientation it appears that

w hen a notch is placed into a compressive region, ducti le failure occurs during impact

as a result of craze suppression . It has also been shown that brittle polymers such as PMMA

can be made to behave in a ductile manner when tested in flexure after thermal quenching .

The flexure specimen can have permanent plastic deformation as a result of the surfa ce

compressive stresses which prevent britt le tensile failure prior to yie lding in f lexure .

Techn iques for measuring residua l stresses in polymers were also investigated .

An ultrasonic stress analyzer was used for this purpose . The concept for determining

stresses is to propagate a surfa ce wave and measure the time de lay as a function of stress

level. Surface microhardness measurements were also attempted as a means of measuring

residua l stress levels . Both of the techniques proved impractica l and unreliable for the

determination of residual stresses .

The layer removal technique conventionally used for meta ls has been successfull y

adopted to measure t he residual stress distribution through the thickness of a polymer s heet .

Surface compressive stress es of approximately 3000 psi can be created in quenched po~y—

carbonate and PMMA specimens . Tensile residual stresses as high as 2100 psi were present

in 1/4 inch cold—rolled (multi—pass) polycarbonate at the surface and compressive residual

stresses were present in the core . Similarly, maximum tensfle residual surfa ce stresses of

600 psi and 375 psi were present in cold roIled 0.275 inch PVC and 0.260 inch ABS ,

respe’iively. In all three polymers considered, the residual stresses at the surfa ce decreased

wit h increasing thickness reduction .

The influence of cold worldng on toughness improvement in g lassy amorphous

polymers, such as polycar bonate, ABS, PVC, etc. was studied . Cold working processes ,

namely, rolling (óin. diameter rolls), Steckel rolling (1/2 and 1 in. diameter rolls) and
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drawing (die angle as a parameter ), were used to produce thick ness reduction up to about

40 percent in flat stri p specimens . The Izod impact strength , tensile properties , hardness ,

density, and the energy absorbed in three point bend tests for notched specimens were

measured as a function of stri p thickness reduction and process parameters . It was shown that

the toughness enhancement in coki working was due to the residual stress state presen t in

the cold worked polymer , as well as the degree of molecular orientation .

Residual stresses in 1/2 inch annealed polyco rbonate after Stecke l rolling (single

pass) were investigated. At low roll redu ctions , the res idua l stresses were tc,.sile at the

surface ar~Janlzod impact strength of 2 ft. lb./ inch was noted, indicating brittle fracture .

However , Izod impact specimens with the notch on the rolled surface showed ductile fracture .

The analys is of the residual stress state shows that the presen ce of uniform compressive

res idual stresses at the notch tip across it-s width suppress the craze formation and its growth.

Th is is also the firs t indication that poly carbonate specimens having a thickness of approxi—

mately 1/2 inch can fracture in a ductile mode in the Izod impa ct test .

Environmental stress crazing behavior in polycar bonate was studied as a function

of the state of residual stress using carbon tetrachloride . Experiments show that the tensile

stresses on the surface are detrimental to stress crazing resistan ce and good correlation has

been made between residual stress level and crazing resistance .

Molecular orientation in cold-worked polymers was investigated by gradually

heat ing the polymer in an lnstron environmenta l chamber and noting the maximum force of

retract ion while keep ing the specimen length constant. The stress is termed the orientation

release stress . At low thi ckness reduction, the molecular or ientation was almost non—existent.

With the increase in thickness reduction, the molecular or ientation increased . Data on cold-

worked poly carbonate, PVC and ABS has been developed.
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The orientation measurements showed that at low thickness reduction , the Izod

impact strength improvement in cold—rolled polycar bonate was the result- of the tensile

residual stresses created on it-s surfaces and the resulting compressive stresses in the core .

However, in PVC and ABS . t he residual stress levels were not sufficient to enhance their

toughness . The toughness increase in PVC at large thicknes s reduction was the result of

molecular or ientation, whereas in ABS the increase is linear with respect to roll thickness

reduction . Orientation release stress measurements through the thickness showed that

the degree of orientation in cold—rolled pol ycar bonate is greater at the surface than the

core of the specimen .

Annealing experiments were conducted in order to relieve the residual stresses

wh ile maintaining the orientation . The properties of the annealed specimens were then

determined . Residual stress measurements made on annealed specimens showed that a

minimum tensile residual stress level of 500 ps i is required to maintain a high level of

toughness in notched Izod impact tests of 1/4 inch polycarbonate . With increase in

anneal ing tem perature (annealing time : 2 hours), an increase in roll reduction was required

to ma intain ductile behavior in the Izod impact test . This increase is attributed to loss

of residual stresses due to annealing, w hile maintaining molecular orientation . Residual

stresses and molecular orientation for low (approximatel y 2’~ ) and high (approximatel y

35%) thickness reduction in cold—rolled polycar bonate were determined as a function of

anneal ing t ime and temperature to underline the molecular aspects of toughness improve-

ment. Long term (several hours) orientation release stress measurements at constant

temperature were also made . These measurements s howed that complete molecular

or ientation release at room temperature would take place (by extrapolation) in not less

than 20 years for polycorbonate specimens with 20% minimum thickness reduction .

Thickness growth after various annealing conditions was also noted .
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Stress relaxation experiments were conducted at initial stress levels of 2100

psi and 4500 psi. Stress relaxation material constants for polycar bonate were emp irica lly

determined . The data predicts the stress relaxation behavior of residuall y stressed poly-

car bonate . The analysis s howed that in residuall y stresse d polycar bonote at low thickness

reduction, a time period of 17 years woul d be required to relax the stresses to the stress

level w here britt’e behavior is expected .

Finally, the effect of stress relaxation was considered for PVC and ABS polymers .

For examp le, it was found that if the Izod impact strengt h of these polymers were deter-

mined within 24 hours of quenc hing a ductile failure was produced having a relatively

large value of impact strength. At times greater than 24 hours, a brittle type failure was

produced and this phenomena has been attributed to the relaxation of favorable residual

stresses .

2.0 Graduate Students and Degree s Earned

The Following graduate students contributed to the research accomp lis hed during this

grant per iod. The research of the students was used as the subject of their graduate theses .

T hose students re ceiving their degrees during the grant period are so indicated .

Student Degree ‘T’ear

Paul So MS in Metallurgica l and June 1976
Materials Engineering

Mary Kong MS (in progress) Metallurg ical
and Materials Engineering

Bharat Thakkar PhD in Mechanica l EngIneering June 1977

Tot Wang PhD (in progress) Metallurgical
and Materials Engineering

George Waring MS (in progress) Metallurgical
and Materials Engineering
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3.0 Publications

The following papers were published or are in press as a result- of this research

grant:

1. “The Effect of Residual Stress and Thermal—Mechanica l Deformation on the
Toughness and Crazing of Amorp hous Polymers ”, in Proceedings of Third
Conference on Deformation, Yield and Fracture of Polymers, Plastics and
Rubber Institute, Apr. 1976 (L. J. Broutman and P. So) .

2. “Residual Stresses in Polymers and their Effect on Mechanical Behavior ”
Proceedin~~ of Annual Technica l Conference Society of Plastics Engineers ,
Apr. 1976 (L. J. Broutman and P. So) .

3. “Residual Stresses in Polycorbonate and their Effect on Mechanical Behavior ”,
Poly. Eng . and Sci., 16 , 12, 1976 (1. J. Broutman and P. So) .

4. “Cold Working of Polycar bonates : 1. Residual Stresses and Impact Strength” ,
Proceedings of Annual Technical Conferen ce Society of Plastics Engineers ,
April 1978 (L. J. Broutman and B. Thakkor) .

5. “Cold Working of Rol ycar bonates : 2. Residual Stress , Molecular Orientation
and the Effect of Annealing”, Poly .  Eng . and Sci ., (in press) (with B. Thakkar).

6. “Cold Working of Rubber Mod fied Polymers and the Effe ct of Residual Stress ”,
Poly.  Eng . Sci., (in press) (with B. Thakkar).

7. “Relaxation of Residual Stresses in Amorphous Polymers ”, Poly.  Eng . a * c  Sci . ,
(in press) (with 1. Wang).
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